Adult stroke-prone spontaneously hypertensive rats (SHRSP) and Wistar-Kyoto (WKY) rats were maintained for 10 weeks on one of two diets: 1.0% calcium content and 2.5% calcium content. At the end of this time rats were anesthetized, and blood pressure was determined by means of aortic cannulation; then the rats were exsanguinated. Lymphocytes were isolated for determination of intracellular sodium and potassium concentrations, net sodium influx, net potassium efflux, and intracellular free calcium concentration. Serum ionized calcium was also measured. The increase in calcium content of their diet had no effect on intracellular sodium and potassium concentrations in lymphocytes from WKY rats and SHRSP. In lymphocytes from WKY rats, none of the parameters was affected by the change in dietary calcium intake. In contrast, in lymphocytes from SHRSP the increase in dietary calcium from 1.0 to 2.5% led to significant decreases in net potassium efflux ( 
pidemiological studies have suggested a role for alterations in dietary calcium in the pathogenesis of essential hypertension (for review, see Reference 1). Subsequent reports of experimental studies have indicated that an increased dietary intake of calcium has an antihypertensive effect in both essential and experimental hypertension. 23 During the past few years in studies on genetic hypertension, we have observed a membrane defect associated with genetic hypertension that appears to involve altered membrane handling of calcium. The generalized nature of the defect is well documented by reports of similar alterations in membrane characteristics in vascular smooth muscle and a variety of other cell types. 4 (For review, see Reference 5.) These similarities and other considerations, such as ease of handling and ready availability, highlight the relevance and usefulness of studying a variety of cell types. We have reported that intracellular sodium, net sodium influx, net potassium efflux, and intracellular free calcium concen-tration are elevated in lymphocytes from strokeprone spontaneously hypertensive rats (SHRSP) compared with those from normotensive WistarKyoto (WKY) rats. 46 In addition, we determined that in lymphocytes from the F 2 generation of crossbred SHRSP and WKY rats net potassium efflux is positively correlated (r=0.87) with blood pressure. 7 We hypothesized that the primary membrane defect is a generalized increase in permeability to calcium. In lymphocytes, this increased permeability of calcium leads to increased intracellular free calcium concentration and increased net potassium efflux via calcium-activated potassium channels. In a recent study, we found that treatment of SHRSP with the calcium channel antagonist felodipine for several weeks led to a significant decrease in blood pressure, intracellular free calcium concentration, and net potassium efflux. 8 In vascular smooth muscle cells, the increased intracellular free calcium concentration resulting from the increased membrane permeability to calcium leads to an increased contraction, which in turn increases total peripheral resistance, the final common denominator in hypertension.
In the present study, we examined the effects of increased intake of dietary calcium on blood pressure and on these membrane characteristics in lymphocytes from WKY rats and SHRSP.
Experimental Animals
Twelve 10-week-old male and female WKY rats (311 ±19 g) and SHRSP (248±13 g) were obtained from the breeding colony maintained at the University of Michigan (originating from National Institutes of Health stock in 1981). In previous studies we found no sex-related differences in the membrane characteristics studied.
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Calcium Diet
Rats from each strain were divided into two groups according to the calcium content of the diet they were to receive. The high calcium chow contained 2.5% calcium (wt/wt); the normal calcium chow contained 1% calcium. Chow and tap water were administered ad libitum. Animals were maintained on a particular diet for 9 weeks before evaluation of lymphocyte membrane characteristics.
Peripheral Lymphocyte Isolation
Relatively pure (80-90%) populations of lymphocytes from whole blood were isolated by differential centrifugation on a Ficoll-Hypaque density gradient (Sigma Chemical Co., St. Louis, Missouri, and Winthrop-Breon, New York, New York), as previously described. 6 Intracellular sodium and potassium concentrations and net passive fluxes of sodium and potassium were determined according to a technique described elsewhere. 6 Intracellular sodium and potassium concentrations were derived from lymphocytes that had been washed in isotonic sucrose, dried, and dissolved in 70% nitric acid. Sodium and potassium were measured with a flame photometer (IL 443, Instrumentation Laboratory, Lexington, Massachusetts). Results are expressed in millimoles per kilogram of dry weight. Net sodium influx was determined by measuring the change in intracellular sodium concentration resulting from incubation at 4° C for 4 hours. Net potassium efflux was determined by measuring the change in potassium concentration in the external medium. Results are expressed in millimoles per kilogram of dry weight per hour.
Intracellular Free Calcium Concentration
Lymphocyte calcium was measured with the intracellular fluorescent indicator quin-2 (Sigma Chemical Co.) according to the procedure of Tsien et al. 9 A detailed description of this protocol has been presented elsewhere. 4 Briefly, lymphocytes were loaded with quin-2 during a 1-hour incubation in a physiological salt solution containing 50 fiM of the dye. At the end of the incubation period the cells were resuspended in fresh salt solution. Fluorescence was measured with a Perkin-Elmer 650-1 OS spectrofluorometer (Norwalk, Connecticut).
With this loading procedure, the intracellular concentration of quin-2 was estimated to be ~2 mM. This figure is based on a cell concentration of 10 7 cells/ml and a loading efficiency of 35%. 9 Serum ionized calcium was determined with an electrolyte ion analyzer (Chempro 1000, Orthodiagnostics, New Brunswick, New Jersey). Systolic blood pressure was measured terminally by intraaortic cannulation.
Statistical Analysis
Analysis of variance was used to test for differences among groups of means. Scheffe's multiple comparisons procedure was used to test for differences between any two means within a group. Differences were considered significant at p values of 0.05 or less.
Results

Blood Pressure
After 9 weeks on the 2.5% calcium diet, the systolic blood pressure of the SHRSP was lower than that on the 1.0% calcium diet (125.3± 13.6 vs. 183.3±16.6 mm Hg, respectively, p<0.05). The change in calcium intake had no effect on blood pressure in WKY rats (102.5± 15.4 vs. 109±ll mm Hg) (Figure 1 ).
Membrane Characteristics
Alteration in dietary calcium had no effect on intracellular sodium or potassium concentration in either strain of rat (Table 1) . Intracellular free calcium concentration, however, was lower in lymphocytes from SHRSP on the high calcium diet than in those from SHRSP on the normal calcium diet (Figure 2 ).
Net potassium efflux was lower in lymphocytes from SHRSP fed the high calcium chow than those on the normal calcium diet. Increased dietary intake of calcium had no effect on this parameter in lymphocytes from WKY rats. The results for net sodium influx in SHRSP, although similar in direction to those for net potassium efflux, did not achieve statistical significance (Figure 3) .
Serum Ionized Calcium
Serum ionized calcium is lower in SHRSP compared with WKY rats (p<0.05). High calcium intake leads to a significant increase in serum ionized calcium in the SHRSP but not in the WKY rats ( Table 2) . Discussion As has been reported by others, 31011 the increased intake of calcium led to a decrease in blood pressure in the hypertensive rats. However, the -60 mm Hg decrease in systolic blood pressure that we measured is much greater than the 15-30 mm Hg decrease reported in SHR on a high calcium diet. The reason for this pronounced effect of calcium supplementation in SHRSP is not evident.
Along with a pronounced antihypertensive action, the high calcium diet appeared to correct the membrane defect that we have found to be genetically associated with hypertension in SHRSP. 7 The observation that this diet failed to alter these characteristics in WKY rats argues that it acts specifically on the characteristics that are abnormal in SHRSP. After 9 weeks on the high calcium chow, values for intracellular free calcium concentration and net passive fluxes of sodium and potassium in lymphocytes of SHRSP were reduced to the point where they did not differ significantly from those measured in lymphocytes of normal WKY rats. Interestingly, these are the same effects we have seen with SHRSP treated with the calcium channel antagonist felodipine. 8 McCarron et al 12 address the paradox of the antihypertensive action of supplemental dietary calcium and calcium antagonists in a recent review. They postulate that both forms of treatment ultimately act to normalize intracellular free calcium concentration. In vascular smooth muscle, this leads to decreased vascular reactivity, total peripheral resistance, and blood pressure. Our results support this theory. However, the mechanism by which increasing dietary calcium causes a decrease in intracellular free calcium concentration is not evident.
A number of theoretical mechanisms behind the antihypertensive action of dietary calcium supplementation are discussed in a review by Bukoski et al. 13 The results of the present study are consistent with two of these possible mechanisms.
The first is related to the increase in serum ionized calcium we observed in SHRSP on a high calcium diet. In a previous study, we reported that as extracellular calcium concentration increased, net sodium and potassium fluxes decreased. 4 This stabilizing effect of increasing extracellular calcium concentration has been reported in vascular smooth muscle as well. 1415 The decrease in ionic fluxes and reduced vascular reactivity described in these studies are attributed to an overall decrease in ion permeability as external calcium concentration is increased. A similar phenomenon could be occurring in vivo as serum ionized calcium increases, thus accounting for the observed changes in lymphocyte membrane characteristics in the SHRSP on a high calcium diet. The change in serum ionized calcium observed in these rats, however, is much smaller than those imposed in our in vitro study. In addition, all measurements reported in this study were carried out in a physiological salt solution of uniform calcium concentration (1.6 mM). It thus seems unlikely that an increase in serum ionized calcium is exerting a direct and acute effect on the cell membrane.
The other mechanism discussed by Bukoski et al 13 deals with the possibility that even though a small increase in serum ionized calcium may not produce an acute membrane stabilizing effect, it might be sufficient over time to stimulate the synthesis of calcium-binding proteins in the membrane. Consistent with this postulate is the observation that the increase in serum ionized calcium in rats fed a high calcium diet occurs before the full antihypertensive effect is observed. 10 The stabilizing effect of an increase in calcium-binding proteins could account for the normalization of lymphocyte membrane characteristics seen in the SHRSP fed supplemental calcium. The increase in calcium binding protein would permit more calcium to bind to and stabilize the membrane at any level of external calcium concentration. At the level of the vascular smooth muscle membrane, the increase in calcium binding proteins would exert a similar stabilizing effect leading to reduced vascular reactivity and lower blood pressure. Reduced vascular reactivity is indeed what Bukoski and McCarron 11 report in SHR fed a 2% calcium diet for 15 weeks. They found that isolated aortic rings from these animals compared with those from SHR on a 1% calcium diet exhibited reduced sensitivity to KC1 and decreased response to a calcium challenge after removal of potassium and calcium.
Although these mechanisms are merely speculative at this point, the latter one is at least consistent with our results and with the hypothesis that abnormal membrane handling of calcium is an important factor in the pathogenesis of hypertension.
